Analysis of sequence variations among isolates of Pneumocystis carinii f. sp. macacae from 14 Indian rhesus monkeys (Macaca mulatta) at the internal transcribed spacer (ITS) regions of the nuclear rRNA gene was undertaken. Like those from P. carinii f. sp. hominis, the ITS sequences from various P. carinii f. sp. macacae isolates were not identical. Two major types of sequences were found. One type of sequence was shared by 13 isolates. These 13 sequences were homologous but not identical. Variations were found at 13 of the 180 positions in the ITS1 region and 28 of the 221 positions in the ITS2 region. These sequence variations were not random but exhibited definite patterns when the sequences were aligned. According to this sequence variation, ITS1 sequences were classified into three types and ITS2 sequences were classified into five types. The remaining specimen had ITS1 and ITS2 sequences substantially different from the others. Although some specimens had the same ITS1 or ITS2 sequence, all 14 samples exhibited a unique whole ITS sequence (ITS1 plus ITS2). The 5.8S rRNA gene sequences were also analyzed, and only two types of sequences that differ by only one base were found. Unlike P. carinii f. sp. hominis infections in humans, none of the monkey lung specimens examined in this study were found to be infected by more than one type of P. carinii f. sp. macacae.
FIG. 1. Alignment of ITS sequences of P. carinii f. sp. hominis, P. carinii f. sp. carinii, and P. carinii f. sp. macacae. The DNA sequences were aligned using the program CLUSTAL W and then edited manually. The sequence of specimen J637, which was the first P. carinii f. sp. macacae ITS sequence determined in this study, is used as the reference. C375 is another monkey lung specimen containing P. carinii with ITS sequences that are very different from those of the other 13 specimens examined in this study. Bases that are the same as those of J637 are represented by asterisks, missing bases are denoted by hyphens, and those that are different from the reference sequence are indicated. The P. carinii f. sp. hominis ITS sequence used in this study is that of type Ee (14) , and that of the rat P. carinii (P. carinii f. sp. carinii) sequence is as described previously (16) .
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on October 13, 2017 by guest http://cvi.asm.org/ 72°C; and the final stage was a 2-min extension at 72°C. When the Fx-Rx primer set was used, primer annealing was done at 59°C and the MgCl 2 concentration was 2 mM in the PCR mix. All other PCR conditions were the same as described above. A positive specimen (bronchoalveolar lavage specimen obtained from a human patient with microscopically proven PCP) and a negative control sample containing no template DNA were included in each run. The amplified products were electrophoresed on a 1.2% agarose gel. The expected amplified fragments were approximately 620 bp. Cloning and sequencing. The PCR products were cloned into pCR2.1 (Invitrogen, Carlsbad, Calif.) according to the instructions provided by the manufacturer. The recombinant plasmid DNA used for nucleotide sequencing was isolated using the Wizard Plus SV kit (Promega, Madison, Wis.). Nucleotide sequencing was performed with the dRhodamine Terminator Cycle Sequencing Kit (Perkin-Elmer, Foster City, Calif.), and the sequences were determined by the ABI 310 Genetic Analyzer (Perkin-Elmer).
Nucleotide sequence analysis. DNA sequences were aligned using the program CLUSTAL W (23) and edited manually. Phylogenetic analyses were performed using the maximum-likelihood analysis program DNAML of the PHYLIP software package (5) (version 3.57c; University of Washington, Seattle), and the phylogenetic trees were visualized using the Tree View program (Division of Environmental and Evolutionary Biology, Institute of Biomedical and Life Sciences, University of Glasgow, Scotland).
Nucleotide sequence accession numbers. Nucleotide sequences determined in this study have been assigned accession numbers as follows: ITS1 type A, AF288827; ITS1 type A1, AF288828; ITS1 type A2, AF288829; ITS1 type A3, AF288830; ITS1 type B, AF288831; ITS1 type B1, AF288832; ITS1 type C, AF288833; ITS1 type D, AF288834; ITS2 type a, AF288835; ITS2 type al, AF288836; ITS2 type a2, AF288837; ITS2 type a3, AF288838; ITS2 type b, AF288839; ITS2 type b1, AF288840; ITS2 type c, AF288841; ITS2 type c1, AF288842; ITS2 type d, AF288843; ITS2 type d1, AF288844; ITS2 type e, AF288845; ITS2 type f, AF288846; 5.8S type I, AF288847; and 5.8S type II, AF288848.
RESULTS
With primer sets 1724F2-ITS2R and Fx-Rx, a fragment of approximately 620 bp was amplified from specimen J637. The PCR product was cloned and sequenced. Four recombinant clones of the PCR product were sequenced. The sequences obtained from all four clones were found to be identical. The sequence was then compared with that of P. carinii f. sp. hominis type Ee (Fig. 1 ). The type Ee sequence was chosen because it was used as a reference sequence previously (14) . The first 31 bp of the sequence was found to be the same as those of the 3Ј end of the 18S rRNA gene of P. carinii f. sp. hominis. Thirtytwo of the last 33 bp (97% homology) of the sequence were identical to the first 33 bp of the 26S rRNA gene of P. carinii f. sp. hominis (Fig. 1 ). Among the 159 nucleotides of the 5.8S rRNA gene, only eight positions (95% homology) were different between P. carinii f. sp. hominis and P. carinii f. sp. macacae. These results indicate that this 620-bp fragment was indeed derived from P. carinii f. sp. macacae. Although the sequences of these three regions (18S, 5.8S, and 26S rRNA genes) were conserved among P. carinii f. sp. hominis and P. carinii f. sp. macacae, the ITS sequences were quite different. In the ITS1 region, only 104 of 180 nucleotides (58%) were identical to those of P. carinii f. sp. hominis. Similarly, only 111 of 221 (50%) nucleotides of the ITS2 region were found to be the same as those of P. carinii f. sp. hominis.
To determine whether the sequences of the ITS regions were variable among different P. carinii f. sp. macacae isolates, 13 additional P. carinii-infected monkey lung specimens were examined. All 13 specimens generated the 620-bp PCR product. The PCR products were cloned and sequenced. Sequences of the extreme 3Ј end of the 18S rRNA genes of all 14 specimens were found to be identical, and only one base, the second base, of the first 14 bases of the 26S rRNA gene was found to be variable among the 14 sequences. Only one position was found to be variable within the 158-bp 5.8S rRNA gene. When these 14 sequences were aligned, 13 of them were found to be similar to each other, and one (specimen C375) was quite different (Fig. 1 ). Bases of these 13 sequences that were found to be variable were aligned as shown in Fig. 2 , and a consensus sequence based on the majority of the sequences at each variable position was developed (Fig. 2 , top line).
DISCUSSION
In this study, we have analyzed both ITS1 and ITS2 sequences of 14 P. carinii f. sp. macacae specimens. Similar to P. carinii f. sp. hominis, P. carinii f. sp. macacae isolates also exhibit nucleotide sequence variations in ITS regions. Except for specimen C375 (Fig. 1) , the sequence variations are not randomly distributed. They occur at certain positions. In the ITS1 region of the remaining 13 specimens, sequence variations are found at 13 of the 180 positions. Six (positions 125, 128, 130, 132, 179, and 189) of these 13 positions appear to be more critical. Based on sequence variations at these six posi-tions, the ITS1 sequences can be classified into three major types, designated A, B, and C (Fig. 2) . The ITS1 sequence of specimen C375 is designated type D.
For type A, the bases at these six positions are A, G, missing, A, T, and A (AG-ATA), respectively. For type B, these positions are G, A, A, G, missing, and G (GAAG-G), respectively. For type C, these positions are G, G, missing, G, missing, and G (GG-G-G), respectively. Five specimens (J129, H423, J637, H468, and H638) belong to type A, and seven specimens belong to type B. Only one specimen (G962) is considered to be type C. Minor sequence variations are also found at other positions. At position 167, the A residue is replaced by a G in specimen J129. The same change is found at position 168 in specimen H423. Since these two specimens differ from the typical A type by only one base, they are designated types A1 (J129) and A2 (H423), respectively. Specimen H638 differs from the typical type A sequence by two bases and is classified as type A3. It is missing a base at position 68 and has an A instead of a G at position 270. In the type B isolates, specimens G762 and J308 are missing the two A residues at positions 180 and 181; otherwise, they are identical to typical type B. These two specimens are designated type B1.
Classification of ITS2 sequences is much more complicated. Sequence variations occur at 28 positions, and only three specimens (J129, H423, and J637) have the same ITS2 sequence.
The sequences of the remaining 10 specimens are classified into five types (designated a, b, c, d, and e). Types a, b, and c are distinguished according to sequence variations at positions 569 to 571. Type a is missing the first two bases in this region. The sequence for type b is TAA and that for type c is TAT at this region. The type d sequence is quite distinct from the other types. It has a G residue at positions 441, 521, and 562 and a run of 3 Ts at positions 446 to 448. Type e is closer to type a except that it has two extra Ts at positions 446 and 447 and AT residues at positions 482 and 483. The ITS2 sequence of specimen C375 is designated type f.
There are also minor variations among type a isolates. Specimen G439, designated a1, has a T instead of an A at position 450; otherwise, it is identical to a typical type a sequence. Specimen J203 is missing bases at positions 389, 390, and 577 and is designated type a2. Specimen I579 has a T instead of a C residue at position 477 and is designated type a3. Among the two type b isolates, specimen G762 is missing a T residue at position 560 and has a G instead of an a residue at position 577. Specimen J308 is designated c1 because it differs from the typical type c (specimen G962) at position 540, where specimen J308 has an extra A. Three specimens (J129, H423, and J637) have identical sequences and are designated type d. Specimen H468 is designated type d1 because it differs from type d at positions 505, where the C residue is replaced by a T, and at positions 558 to 560, where a run of three Ts is missing. It is also missing the T residue at position 561.
Since both the ITS1 and ITS2 sequences of specimen C375 are quite different from those of the other 13 specimens, we propose to classify P. carinii f. sp. macacae isolates into two major groups. Group I consists of the 13 specimens that are further divided into various types based on the sequence types of ITS1 and ITS2 regions. Therefore, the 13 specimens can be designated as follows: J129, A1d; H423, A2d; J637, Ad; H468, Ad1; H638, A3e; A349, Ba; G439, Bal; J203, Ba2; I579, Ba3; J740, Bb; G762, B1b1; J308, B1c1; and G962, Cc. Specimen C375 belongs to group II and is designated type Df. According to this classification, every P. carinii f. sp. macacae isolate is distinct. No two isolates are found to be the same type in this study. This finding is very different from that of P. carinii f. sp. hominis isolates. In P. carinii f. sp. hominis isolates, the majority of the isolates found in various geographical locations belong to type Eg. Another difference between P. carinii f. sp. hominis and P. carinii f. sp. macacae isolates is that coinfection by more than one type of P. carinii isolate is not found in the 14 monkey lung specimens we examined in this study.
Phylogenetic analyses were performed using the program DNAML in the PHYLIP software package (5) . This program generates phylogenetic trees using the maximum-likelihood method. The results indicate that there are two major groups of P. carinii f. sp. macacae isolates. One group is represented by specimen C375; the other group consists of the other 13 specimens. These results are consistent with those obtained by visual examination. The phylogenetic analyses also reveal that C375 is more closely related than the other 13 isolates to P. carinii f. sp. hominis ( Fig. 3 and 4) . Interestingly, these 13 isolates are closer to P. carinii f. sp. carinii (rat-derived P. carinii) than to P. carinii f. sp. hominis.
In summary, ITS sequences of 14 P. carinii f. sp. macacae isolates were examined. One isolate (C375) has very different ITS sequences. The other 13 isolates have similar sequences, with variations at certain nucleotide positions. These sequence variations exhibit certain patterns that allow classification of ITS1 into four types and classification of ITS2 sequences into six types. Some isolates have the same ITS1 or ITS2 sequences, but each isolate has a different combined ITS1 and ITS2 sequence. This observation suggests that each monkey was infected by a different strain of P. carinii f. sp. macacae. This is conceivable, since each monkey used in this study was caught in a different place. Whether P. carinii f. sp. macacae is transmissible among monkeys remains to be determined. The fact that each P. carinii f. sp. macacae isolate is different would make it feasible to develop a primate model to study P. carinii by transtracheal inoculation of P. carinii. It would be possible to distinguish the inoculated strain from the latent ones, if any, that become reactivated due to immunosuppression. At present, studies such as screening new drugs against P. carinii f. sp. hominis are mainly done using rodent models. The information derived from the rodent models may not be readily applicable to humans. A primate model would provide information more useful for the management of P. carinii infections in humans.
